channels to the synaptic core complex during neuroSummary transmitter release has been presented. One prediction of the hypothesis that interaction with N-type Ca 2ϩ chan-N-type Ca 2؉ channels bind directly to the synaptic core nels is required for efficient release of neurotransmitters complex of VAMP/synaptobrevin, syntaxin, and SNAPis that peptides containing the synaptic protein interac-25. Peptides containing the synaptic protein interaction ("synprint") site would inhibit synaptic transmission tion ("synprint") site caused dissociation of N-type by binding to syntaxin and SNAP-25 and thereby preCa 2؉ channels from the synaptic core complex. Introventing their binding to presynaptic Ca 2ϩ channels. In duction of synprint peptides into presynaptic superior this paper, we describe experiments that test this precervical ganglion neurons reversibly inhibited synaptic diction by analysis of nerve impulse-evoked transmistransmission. Fast EPSPs due to synchronous transsion between pairs of cultured superior cervical ganglion mitter release were inhibited, while late EPSPs arising neurons in which synprint peptides have been introfrom asynchronous release following a train of action duced into the presynaptic partner. potentials were increased and paired-pulse facilitation was increased. The corresponding peptides from Results L-type Ca 2؉ channels had no effect, and the N-type peptides had no effect on Ca 2؉ currents through N-type Dissociation of Immunoprecipitated Complexes Ca 2؉ channels. These results are consistent with the of N-Type Ca 2؉ Channels and Synaptic hypothesis that binding of the synaptic core complex Proteins by Synprint Peptides to presynaptic N-type Ca 2؉ channels is required for Binding of N-type Ca 2ϩ channels to recombinant synCa 2؉ influx to elicit rapid, synchronous neurotransmittaxin in vitro is prevented by fusion proteins containing ter release.
the synprint site from the intracellular loop between domains II and III (L II-III) of the ␣1B subunit, which competes Introduction with the native channel for binding to syntaxin (Sheng et al., 1994) . However, it is not known whether synprint Arrival of the nerve impulse at a nerve terminal leads to peptides can cause dissociation of preformed comopening of voltage-gated Ca 2ϩ channels and rapid influx plexes of syntaxin and N-type Ca 2ϩ channels. We used of Ca 2ϩ . The increase in Ca 2ϩ concentration at the active purified recombinant fusion proteins containing synprint zone from a basal level of 100 nM to more than 200 M sites and purified complexes of syntaxin and N-type triggers the fusion of docked synaptic vesicles, resulting Ca 2ϩ channels isolated from brain to test whether such in neurotransmitter release within 200 s (Augustine and fusion proteins can disrupt the interactions between the Neher, 1992; Zucker, 1993; Heidelberger et al., 1994;  endogenous synaptic core complex and N-type Ca 2ϩ Barrett and Stevens, 1972; Llinas et al., 1981 . channels ( Figure 1 ). Fusion proteins containing overlap-N-type Ca 2ϩ channels are localized in nerve terminals ping segments of the synprint site of ␣ 1B (Sheng et al., (Robitaille et al., 1990; Westenbroek et al., 1992) and 1994) and the corresponding segments of the ␣1 subunit participate in neurotransmitter release in central and of an L-type Ca 2ϩ channel (␣ 1S ) were expressed, purified, peripheral synapses (Tsien et al., 1988; Wu and Saggau, and analyzed by SDS-polyacrylamide gel electrophore-1994; Mintz et al., 1995) . The synaptic plasma membrane sis (SDS-PAGE) ; Figure 1A ). We exproteins syntaxin (Bennett et al., 1992; Inoue et al., 1992;  tracted N-type Ca 2ϩ channels from brain membranes in Yoshida et al., 1992) and synaptosome-associated proassociation with the synaptic core complex, partially tein of 25 kDa (SNAP-25) (Oyler et al., 1989) bind to the purified them by chromatography on wheat germ agglusynaptic vesicle protein VAMP/synaptobrevin (Trimble tinin-Sepharose, and analyzed them by coimmunopreciet al., 1988) to form a stable synaptic core complex pitation with a specific anti-␣ 1B antibody as described (Sö llner et al., 1993; Calakos et al., 1994; O'Conner et previously (Westenbroek et al., 1992; Sheng et al., 1994 Sheng et al., ). al., 1993 Hayashi et al., 1994; Chapman et al., 1994) .
CNB3, an antibody against the amino acid sequence This complex binds to N-type Ca 2ϩ channels (Bennett of the carboxyl terminus of ␣ 1B, coimmunoprecipitated et al., 1992; Yoshida et al., 1992; Saisu et al., 1991;  syntaxin ( Figure 1B ). This coimmunoprecipitation was Lé vè que et al., 1994), and physiological experiments efficiently blocked by incubation with 5.5 M recombinant peptide L II-III (718-963) containing the synprint site suggest a close association of N-type Ca 2ϩ channels
Inhibition of Synaptic Transmission by Synprint Peptides
To determine the functional significance of the interaction of the synaptic core complex with N-type Ca 2ϩ channels in neurotransmission, we studied the effects of fusion proteins containing the synprint site of N-type Ca 2ϩ channels on synaptic transmission at cholinergic synapses formed between superior cervical ganglion neurons (SCGNs) in culture (O'Lague et al., 1974) . Cultures of SCGNs are favorable for these experiments because proteins can be introduced into the relatively large (30-40 m) presynaptic cell bodies by microinjection, the injected proteins can rapidly diffuse to nerve terminals forming synapses with adjacent neurons, and the effects on stimulated release of acetylcholine (ACh) can be accurately monitored by recording the excitatory postsynaptic potentials (EPSPs) evoked by action potentials in the presynaptic neurons (Mochida et al., 1994 (Mochida et al., , 1995 . Synaptic transmission was monitored between closely spaced (<5 m) pairs of neurons for 20-30 min, and then fusion proteins containing the synprint site from L II-III of the ␣ 1B subunit of N-type Ca 2ϩ channels were allowed to diffuse into the presynaptic neurons from a suction pipette for 2-3 min. During this time, the protein concentration inside the presynaptic cell body approached approximately 2.5% of the concentration in the pipet, as estimated from the color intensity of the crease in EPSP amplitude, Ϫ42% Ϯ 5.1% (n ϭ 7), was observed 30-40 min after starting injection ( Figure 2D ; from the intracellular loop connecting domains II and III Table 1 ). By 60 min after injection, the amplitude of the of ␣1B, while a control fusion protein, LII-III(670-800) from EPSPs had begun to recover to control levels in three the ␣1S subunit of an L-type Ca 2ϩ channel, did not block cells but not in three other cells. L II-III from the ␣ 1S subunit coprecipitation of syntaxin ( Figure 1B) . These results of an L-type Ca 2ϩ channel does not interact with syntaxin provide further support for the conclusion that synor SNAP-25 (Sheng et al., 1994) . Injection of 140 M of taxin specifically associates with N-type Ca 2ϩ channels the fusion protein L II-III (670-800) from ␣ 1S produced no through interaction with a site in L II-III of ␣ 1B (Sheng et significant decrease in EPSP amplitude (Ϫ3% Ϯ 2. 8% al., 1994, 1996) and show that this interaction can be at 30 min after the start of injection, n ϭ 5; Figures 2C and disrupted specifically by excess fusion protein con-2D), indicating that the inhibitory effect of LII-III(718-963) from the ␣ 1B subunit of N-type Ca 2ϩ channels is specific. taining the synprint site of ␣ 1B . Two nearby regions of L II-III of the ␣ 1B subunit of the starting injection, and the EPSPs recovered to control amplitude by 60 min after injection. As a further control, N-type Ca 2ϩ channel, which are both contained within the fusion protein L II-III (718-963), are involved in interacnormal rabbit IgG at the same total protein concentration (4 mg/ml in the pipette) produced no significant detion with syntaxin and SNAP-25 . The shorter fusion protein L II-III (718-859), containing only the crease in EPSP amplitude (Ϫ5.0% Ϯ 3.1%, n ϭ 6, at 30 min after injection, Table 1 ), indicating that introduction first of these two regions, reversibly inhibited synaptic transmission, but higher concentrations were required of large protein molecules does not interfere with transmitter release. Similarly, injection of carrier solution also for comparable inhibition ( Figure 2E ), as expected from the lower affinity interaction of this peptide (Rettig et showed no significant inhibition of synaptic transmission (Ϫ3.0% Ϯ 2.4%, n ϭ 7, at 30 min after injection; al., 1996). The maximum decrease in EPSP amplitude, Ϫ23% Ϯ 3.5% (n ϭ 7), was observed 15-20 min after Figure 2E ). The decrease in EPSP amplitude caused by introducstarting injection with a pipette containing 240 M peptide, which produced a concentration approaching 6 M tion of 65 M L II-III (718-963) was not dependent on the rate of presynaptic activity. The time course of inhibition in the cell soma. By 40 min after injection, the EPSPs had recovered to the amplitude observed before injecand recovery of the EPSP amplitude was identical when synapses were stimulated at 0.2 Hz, 0.05 Hz, or 0.01 Hz tion. The fusion protein L II-III (832-963), containing the second region of interaction with syntaxin and SNAP-(n ϭ 4-5). Inhibition of the release of transmitters is expected to be unaffected by stimulation frequency in 25, inhibited synaptic transmission more strongly at a concentration of 200 M than L II-III (718-859) did at 240 this range, while inhibition of vesicle endocytosis and recycling should be accelerated by more rapid stimula-M ( Figure 2E ). The maximum decrease in EPSP amplitude, Ϫ38% Ϯ 5.1%, was observed 20-30 min after tion rates (e.g., Mochida et al., 1996) . Thus, it is likely that synprint peptides act on the transmitter release process itself rather than by inhibition of vesicle recycling. In addition, the reduction of EPSP amplitude was maximal during the first stimulation in a train of three action potentials delivered at 100 Hz (see Figure 3) . These results suggest that the synprint peptides reduce the number of docked and primed vesicles that are released during a single depolarization by acting prior to the action potential stimulus and do not require repetitive activation of the release process to act.
Prolonged Postsynaptic Potentials in Response to Repetitive Stimuli in the Presence of Synprint Peptides
In addition to effects on the peak EPSPs, synprint peptides also reproducibly slowed the decay of EPSPs elicited by single action potentials by 16% to 27% (Table  1 ). This effect was much more prominent with repetitive action potential stimuli. Although single action potentials always induced postsynaptic potentials that decayed exponentially, repetitive action potentials in the reduction of EPSPs induced by single action potentials ( Figure 3A , compare rows b and c). In addition, L II-III (718-remaining in the presynaptic terminal from the first ac-963) substantially slowed the decay of EPSPs and intion potential, but other mechanisms may also contribcreased the number of late EPSPs due to asynchronous ute (Zucker, 1993) . Although paired-pulse facilitation is release following stimulation with trains of three action not observed reproducibly at 5.1 mM Ca 2ϩ in our experipotentials ( Figure 3A) . The increase in late EPSPs due ments, it is observed at lower Ca 2ϩ concentrations (Figto asynchronous release was not as evident when the ure 4). At 2.5 mM Ca 2ϩ , pairing of pulses resulted in an extracellular concentration of Ca 2ϩ was reduced to 1 insignificant increase in the second pulse (102% Ϯ 6.5% mM ( Figure 3D , n ϭ 4), consistent with the idea that late of control; n ϭ 4). However, 10 min after introduction of EPSPs due to asynchronous release depend on residual the synprint peptide LII-III(718-963) at 65 M, the size Ca 2ϩ that remains after multiple action potentials in the of the first EPSP was reduced to 67% Ϯ 8.7% of the presence of 5.1 mM Ca 2ϩ . Altogether, our results with prepeptide control, and the EPSP in response to the single and triple action potential stimuli indicate that paired second pulse was facilitated by 1.48-fold to synprint peptides inhibit synchronous release and con-99% Ϯ 7.4% (n ϭ 4) of the prepeptide control EPSP comitantly increase asynchronous release, suggesting ( Figure 4A ). At 1 mM Ca 2ϩ , pairing of pulses increased that the effect of these peptides is to shift synaptic the size of the second EPSP to 141% Ϯ 11% of control vesicles from a pool primed for synchronous release to (n ϭ 4). Moreover, 10 min after introduction of the syna pool that is not optimally primed or positioned for print peptide, the size of the first EPSP was reduced to synchronous release. 62% Ϯ 14% of the prepeptide control, and the EPSP evoked by the paired second pulse was facilitated by Increased Paired-Pulse Facilitation in the Presence 1.74-fold to 108% Ϯ 4.6% of the prepeptide control of Synprint Peptides value ( Figure 4B ). Thus, the synprint peptide not only When two action potentials are generated in rapid sucincreases asynchronous EPSPs in responses to trains cession, the postsynaptic response to the second is of three action potentials (Figure 3 ), but also increases often larger due to paired-pulse facilitation. This facilitathe size of the second synchronous EPSP relative to the first in paired-pulse facilitation. tion is thought to result from increased residual Ca 2ϩ Ca 2ϩ Channel Synprint Site and Neurotransmission 785 synprint peptides argues that they do not reduce Ca 2ϩ influx. Nevetheless, it is important to verify that the synprint peptides do not affect Ca 2ϩ channel function. Therefore, we measured the effects of the synprint peptides on Ca 2ϩ currents through Ca 2ϩ channels to assess their possible influence on rapid presynaptic Ca 2ϩ transients in active zones.
Synaptic transmission between SCGNs is inhibited by block of presynaptic N-type Ca 2ϩ channels (Mochida et al., 1995) , but direct measurement of Ca 2ϩ currents in presynaptic terminals of SCGNs is technically difficult. Therefore, to examine the effect of the LII-III peptides on N-type Ca 2ϩ channel activity, we measured Ca 2ϩ currents in the cell body by whole-cell patch clamp recording during introduction of LII-III(718-963) from ␣1B into the cell through a low resistance patch pipette (Mochida et al., 1995) . These currents were blocked 83% by 1.7 M -conotoxin GVIA and therefore are primarily N-type concentrations of peptides equalled or exceeded the highest concentrations of these peptides achieved in Inhibition of Ca 2ϩ influx into presynaptic terminals by the synaptic transmission experiments (2 M and 6 M elevation of extracellular Mg 2ϩ reduces EPSPs and inat the cell soma, respectively; less at the nerve terminal). creases paired-pulse facilitation at the neuromuscular The amplitude ( Figure 5A ), current-voltage relationship, junction (Mallart and Martin, 1968) . However, a concenand steady-state inactivation ( Figure 5B ) of Ca 2ϩ curtration of Mg 2ϩ that produced 38% reduction of the EPSP rents were not significantly different from the Ca 2ϩ curcaused only a 1.1-fold increase in paired-pulse facilitarent recordings with a patch pipette containing carrier tion, much less than caused by a comparable inhibition solution or with a patch pipette containing L II-III (670-800) of synaptic transmission by synprint peptides in our from ␣ 1S at 7 M. These results indicate that the fusion experiments. To make this comparison in our SCGN protein L II-III (718-963) does not detectably affect Ca 2ϩ preparation, extracellular Mg 2ϩ was increased to 10 mM influx and therefore support the conclusion that the inhiand paired-pulse facilitation was measured. EPSPs bition of synaptic transmission produced by LII-III(718-were reduced by 48%, but paired-pulse facilitation was 963) is due to reduction in the synchrony and efficiency increased by only 1.1-fold as observed by Mallart and of neurotransmitter release in response to Ca 2ϩ channel Martin (1968) . These results indicate that the effect of activation. the synprint peptides on paired-pulse facilitation cannot be caused primarily by reduced Ca 2ϩ influx.
Discussion Effects of Synprint Peptides on N-Type Ca

2؉
Currents in SCGNs
Our experiments show that fusion proteins containing the synprint site in L II-III from the ␣ 1B subunit disrupt the Synchronous transmitter release is thought to have a steep, power-law dependence on the local concentrainteraction of N-type channels to syntaxin (Figure 1 ) and inhibit synaptic transmission (Figure 2 ; Table 1 ) without tion of Ca 2ϩ near the intracellular mouth of presynaptic Ca 2ϩ channels in the 200 s following arrival of the action effect on Ca 2ϩ currents ( Figure 5 ). The inhibition of rapid, synchronous synaptic transmission is accompanied by potential (Augustine and Neher, 1992; Zucker, 1993; Heidelberger et al., 1994; Barrett and Stevens, 1972;  increased late, asynchronous EPSPs and increased paired-pulse facilitation, consistent with the conclusion Llinas et al., 1981 . The concentration of Ca 2ϩ near the intracellular mouth of Ca 2ϩ channels in this short that synaptic vesicles are shifted from a primed, readyto-release pool to a pool that is not ready for rapid, time interval is primarily determined by the rate of influx through the channel (Augustine and Neher, 1992;  synchronous release (Figures 3 and 4) . The relative efficiency for inhibition of transmitter release by three differ- Zucker, 1993 . These results provide direct evidence that nous release and in paired-pulse facilitation caused by 
Ϫ1 where V1⁄ 2 ϭ Ϫ24 mV and k ϭ 11 mV, V1⁄ 2 ϭ Ϫ32 mV and k ϭ 13 mV and V1⁄ 2 ϭ Ϫ26 mV and k ϭ 14 mV for 10 min after applying patch with a pipette containing 6.5 M L from ␣1B (open triangles, n ϭ 7), 7 M LII-III(670-800) from ␣1S (closed triangles, n ϭ 5), and carrier solution (closed circles, n ϭ 5). No significant shift of the inactivation curve by L II-III(718-963) was seen. synprint peptides interact with synaptic membrane prois likely that these partial effects and requirements for high concentrations reflect the limited concentration of teins in vivo, as we have previously demonstrated in vitro, and that they inhibit synaptic transmission through peptides that can be introduced into the cell body (Cornille et al., 1995) or nerve terminal (Bommert et al., 1993; these interactions. This fulfills one prediction of the hypothesis that interaction of the synprint in LII-III of the ␣1B DeBello et al., 1995; Hunt et al., 1994) and the barriers to diffusion of the peptides to all of the presynaptic subunit of N-type Ca 2ϩ channels with the synaptic core complex containing syntaxin and SNAP-25 is required active zones that contribute to transmitter release, rather than inherent inability of these reagents to fully for efficient transmitter release triggered by presynaptic action potentials.
block fast synaptic transmission. Similarly, in our experiments, it is likely that the full effect of the synprint pepOnly a partial inhibition of synaptic transmission, ranging from 23% to 42% for different synprint peptides, tides is prevented by limitations of concentration and access to all of the active zones in the presynaptic termiwas observed at injected concentrations in the 65 M to 240 M range (Table 1) . For LII-III(718-963), the estimated nals of the cultured SCGNs that form an extensive network of varicosities (Wakshull et al., 1979) . maximum concentration of 4 M achieved in the cell body in our experiments exceeded the concentration The simplest interpretation of our results is that inhibition of transmitter release by synprint peptides is due required for half-maximal binding to syntaxin in vitro (0. , a concentration similar to the threshold for initiation of of Ca 2ϩ channels, so a requirement for higher concentrations of peptide competitors is expected. Moreover, transmitter release. Those in vitro binding data and the results of this functional study suggest that interaction peptides that are thought to block the action of other key synaptic proteins also cause partial inhibition of of presynaptic Ca 2ϩ channels with the synaptic core complex may play a key role in docking, priming, or early synaptic transmission, even at much higher injected peptide concentrations. Thus, peptides from the C2 doevents in Ca 2ϩ -dependent fusion of synaptic vesicles. While synprint peptides have been shown to interrupt mains of synaptotagmin inhibited transmission by ">50%" at 20 mM (Bommert et al., 1993) , peptides from interactions of N-type Ca 2ϩ channels with the synaptic core complex in vitro (e.g., Figure 1) , it is possible that ␣-SNAP inhibited by 72% to 84% at 20 mM (DeBello et al., 1995) , fusion proteins from synaptobrevin inhibited they also have effects on other interactions among synaptic proteins by competitively occupying critical bindby 20% during one injection at 190 M and by 60% following two injections (Hunt et al., 1994) , and peptides ing regions of syntaxin and/or SNAP-25. In fact, recent experiments have shown that synprint peptides can bind from synaptobrevin inhibited 36% to 45% following injection of 1 mM concentrations (Cornille et al., 1995 peptides may also contribute to the effects of these antibody 10H5 (Yoshida et al., 1992) against syntaxin 1.
peptides on synaptic transmission. In addition to the importance of the interaction of
Synaptic Transmission between SCGNs
N-type Ca 2ϩ channels with the synaptic core complex SCG cells from 7-day postnatal rats were prepared as described for neurotransmitter release as suggested by this work, previously (Mochida et al., 1994 (Mochida et al., , 1995 of syntaxin with N-type Ca 2ϩ channels in our experiments mM HEPES (pH 7.4). Fusion proteins were introduced into the pre-( Figure 5 ), but we recorded Ca 2ϩ currents in cell bodies synaptic cell body by diffusion from a suction glass pipette (17) (18) (19) (20) where syntaxin may not be bound to N-type channels. ter release.
mM TEA, 5.9 mM CsCl, 5.1 mM CaCl2, 11 mM glucose, and 3 mM Na-HEPES. Pipette resistances were 1.5-2 M⍀. For accurate determination of Ca 2ϩ current, 5 M La 3ϩ was added and La 3ϩ -insensitive Experimental Procedures currents were subtracted digitally.
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